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Streptococcus dysgalactiae subsp. equisimilis strains (group G streptococcus [GGS]) are largely defined as
commensal organisms, which are closely related to the well-defined human pathogen, the group A streptococ-
cus (GAS). While lateral gene transfers are emerging as a common theme in these species, little is known about
the mechanisms and role of these transfers and their effect on the population structure of streptococci in
nature. It is now becoming evident that bacteriophages are major contributors to the genotypic diversity of GAS
and, consequently, are pivotal to the GAS strain structure. Furthermore, bacteriophages are strongly associ-
ated with altering the pathogenic potential of GAS. In contrast, little is know about phages from GGS and their
role in the population dynamics of GGS. In this study we report the first complete genome sequence of a GGS
phage, 3396. Exhibiting high homology to the GAS phage 315.1, the chimeric nature of 3396 is unraveled
to reveal evidence of extensive ongoing genetic diversity and dissemination of streptococcal phages in nature.
Furthermore, we expand on our recent findings to identify inducible 3396 homologues in GAS from a region
of endemicity for GAS and GGS infection. Together, these findings provide new insights into not only the
population structure of GGS but also the overall population structure of the streptococcal genus and the
emergence of pathogenic variants.
Streptococcus dysgalactiae subsp. equisimilis (group G strep-
tococcus [GGS]) commonly inhabits the throat, skin, and va-
gina of healthy humans (28). However, occasionally the organ-
ism can cause pharyngitis, impetigo, cellulitis, septicemia,
glomerulonephritis, and toxic shock (14, 28). This same disease
spectrum generally coincides with that of a well-known human
pathogen, the group A streptococcus (GAS; Streptococcus pyo-
genes) which cohabits the same tissue sites. Due to the exten-
sive overlap of the disease spectrum of GGS with that caused
by GAS, it is possible that disease burden specifically attrib-
uted to GGS has been historically underestimated. Of late,
there are reported increases of GGS infections associated with
classic human GAS-associated diseases, including invasive
manifestations (10, 14, 15, 19, 23, 34).
Phylogenetic analyses based on rRNA sequence and other
molecular clocks revealed that S. dysgalactiae spp. are closely
related to S. pyogenes (16, 26, 35, 38). The observations of
overlapping clinical presentations, niche-sharing for coloniza-
tion, and this evolutionary relatedness are conducive for inter-
species lateral genetic transfers (LGT). Previous studies have
shown that GGS possesses genes for M protein, C5a peptidase,
streptokinase, streptococcal pyrogenic exotoxins, and fibronec-
tin binding proteins (9, 20, 21, 24, 25, 29, 37, 40). These are well
defined as essential virulence determinants in GAS. The pres-
ence of mosaic structures among some of these genes within
GAS and GGS strongly suggests that interspecies LGT events
do indeed occur between these two streptococci and could be
derived from recent and ongoing events, as demonstrated in
our recent study (13). Most of these LGTs are likely to be
mediated by phages and other mobile genetic elements.
Evidence is accumulating that phages contribute enormously
to strain structure in GAS (2, 17). So far, six major families of
phages have been reported in GAS (7). Numerous virulence
characteristics in this pathogen are phage associated, including
the pyrogenic exotoxins, DNase, and mitogenic factors (12).
Our recent studies (D. J. McMillan, R. Geffers, J. Buer,
B. J. M. Vlaminckx, K. S. Sriprakash, and G. S. Chhatwal,
submitted for publication) using a targeted microarray repre-
senting genes for GAS virulence factors and extracellular pro-
teins revealed that differences in the genetic profiles of these
genes in GAS are largely restricted to 11 genomic loci, and
most of these have the footprints of mobile genetic elements in
close proximity.
By contrast, little is known about phages from GGS or about
the role of phages in the dynamics of GGS population struc-
ture in nature. We have shown that phages are by far the major
contributors to the differences seen between a GGS patho-
genic isolate (GGS pathovar) and a commensal isolate from a
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healthy individual (13). Furthermore, these phages appeared
to be related to families of known GAS phages. These obser-
vations raise important questions in regard to the influence of
circulating GAS strains, particularly where the GAS disease
burden is high, on the genesis of “pathovaric” characteristics
within commensal GGS.
Here, we report the first complete sequence of a GGS
phage, 3396, recovered from a GGS pathovar. The results
show that this phage is phylogenetically linked to one of the
GAS phage families (315.1-like phage) but exhibits evidence of
modular recombination in the DNA replication and lysogenic
conversion regions from other streptococcal phages. Genera-
tion of such chimeric phages could expand the repertoire of
virulence and other genes that could be mobilized from patho-
genic to the commensal bacteria. Expanding on our recent
findings (13), inducible 3396 homologues were identified
only within GAS from a area of endemicity for GAS infection,
consistent with the interpretation that these chimeric phages
may have arisen in GAS and subsequently transferred to GGS
in an environment where GAS is endemic.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Phage 3396 was isolated from a
GGS pathovar isolate (NS3396) obtained from a 15-year-old Aboriginal male
who presented with recurrent acute rheumatic fever (13). The distribution of
3396-related phage was examined in 10 GGS sterile site (blood culture) isolates
from bacteremic patients in Brisbane, Australia, and 11 GGS isolates from a
mixture of invasive and colonizing strains from the Northern Territory (NT) of
Australia, where GAS infections are endemic. A further 12 GAS isolates from
Sydney, Australia, and 20 GAS isolates from the NT were also screened for the
presence of a phage 3396 homologue. All stock cultures for long-term storage
were under identical conditions, namely, glycerol cultures at 70°C. Standard
nonparametric chi-square analysis was performed to examine statistical correla-
tions between the distribution of the phage and phage elements. All isolates were
cultured on Todd-Hewitt agar (Oxoid, England) supplemented with 2% horse
blood or in Todd-Hewitt broth at 37°C.
DNA extractions and emm sequencing. Genomic DNA was extracted using a
QIAGEN DNeasy kit, with the addition of mutanolysin (285 units/ml) (Sigma) to
enhance cell wall degradation. The presence of the emm gene was determined by
PCR using the primers 5-CAGTATTCGCTTAGAAAATTAAAA-3 and 5-C
AGAGCTGTTGCCATAACAGTAAG-3 from the leader and carboxy regions
of the gene, respectively. The emm type was determined by BLAST analysis of
the emm sequence database (www.cdc.gov/ncidod/biotech/strep/strepindex.htm).
DNA sequencing was performed using an ABI Big Dye 3.1 dye terminator
sequencing kit in conjunction with an ABI 3100 Genetic Analyser (Applied
Biosystems).
Phage modular screening and identification of flanking regions by adaptor
PCR. The presence of the 3396 prophage within GAS and GGS isolates was
determined by screening for three 3396 regions by PCR. The three regions
amplify genes within five different phage modules: lysogeny ([region one]
3396_0682F, 5-TCTTATCCAAATCGGAACGG-3; 3396_0682R, 5-TTTT
CTGCCCCTCACTATGC-3); DNA packaging, head-joining-tail, and tail mod-
ules ([region two] 3396_0713F, 5-GCGTCTAAAAGCTCTTACCG-3;
3396_0721R, 5-CTAACAAATCTTGCCAATCAG-3); and a region within
the lysogenic conversion region ([region three] 3396_0734F, 5-AAATACCC
ACAACGTTTTTCAGC-3; 3396_0734R, 5-AATTTACAATAAACCTTTT
AAATATCG-3). Standard conditions for all PCRs included an initial denatur-
ing step of 2 min at 95°C followed by 30 cycles of 95°C for 15 s, 50°C for 30 s, and
72°C for 2 min.
Identification of the 3396 prophage flanking genes was determined in
NS3396 and the GAS isolates NS14, NS32, NS50.1, NS80, and NS195 through
adaptor PCR. Adaptor PCR was performed as previously described (27) with
minor modifications. Essentially, genomic DNA was partially digested with BclI
and HindIII restriction endonucleases (New England Biolabs) and one of two 5
phosphorylated oligonucleotide adaptors containing BclI and HindIII overhangs
(5-GATCCGCCTATAGTGAGTCGTATTAAC-3 or 5-AGCTCGCCTATA
GTGAGTCGTATTAAC-3) ligated to the digested DNA. PCR using pro-
phage-specific primers corresponding to the left proximal gene (3396_0682R3,
5-TTTCGTGTTACCCCTCACATGATGC-3) or the right proximal gene
(3396_0734F) in conjunction with the adaptor-specific primer (5-GTTAATA
CGACTCACTATAGGCG-3) was performed to amplify into the genomic re-
gions flanking the 3396-like prophages. Products were subsequently purified by
agarose gel electrophoresis (QIAGEN), and the DNA sequences were deter-
mined.
Phage induction and purification. Isolates that were positive by PCR for the
presence of all 3396 prophage regions were treated with mitomycin C to test
for the presence of inducible phages as previously described (3). Briefly,
bacteria were cultured overnight at 37°C in 2 Todd-Hewitt broth. The
overnight culture was diluted 1:50 into prewarmed (held at 37°C) Todd-
Hewitt broth and grown to an optical density at 600 nm of 0.2 before induc-
tion with 0.2 g/ml of mitomycin C (Sigma). Fifty-microliter aliquots were
taken at preinduction (0 min) and at 180 min postinduction. The aliquots
were pelleted at 16,000  g for 5 min, and cells were lysed using colony lysis
procedures (18). To test for the excision of the prophage from the bacterial
chromosome, PCRs were performed using divergent primer pairs at opposing
ends of the prophage sequence (3396_0734F and 3396_0682R). Only
when the phage DNA was excised and circularized from the host genome
would the primers produce a PCR product across the phage attachment (att)
sites. To allow for heterogeneity within the lysogenic conversion region, a
second set of divergent primers was used (3396_0734F2, 5-GGATACCA
ATCAGCAAACAATCGGC-3, and 3396_0682R). Identification of attB-
and attP-proximal sequences was carried out by ClustalW alignment of se-
quences from induced prophage and prophage-flanking regions.
Electron microscopy. Isolate NS3396 was treated with mitomycin C (as de-
scribed above) for 4 h. Cellular debris was pelleted at 8,000  g for 15 min. The
induced supernatant was filtered through a 0.44-m-pore-size filter (Millipore)
and centrifuged at 100,000  g for 2 h at 4°C. Pelleted phage particles were
resuspended in 500 l of SM buffer (5g liter1 NaCl, 2g liter1 MgSO4, 50 mM
Tris-HCl [pH 7.5]) and negatively stained with uranyl acetate (3). Phage prep-
arations were examined using a JEM 1010 transmission electron microscope
operated at 80 kV. Digital images were recorded using an AnalySIS Megaview
III digital camera.
Phage sequencing, assembly, and comparative genomics. Long PCR and
primer walking techniques were used to obtain overlapping fragments of the
3396 prophage. Primer selection was based on3396 gene fragments identified
through genomic subtraction of NS3396 (13) in conjunction with primers de-
signed from the MGAS315.1 phage (315.1) homologue (NC_004584) (4). For-
ward and reverse strand contigs were assembled using the Staden package (5).
Annotation of phage3396 was performed using the BASys bacterial annotation
system (39). Whole-phage genomic comparisons of 3396 and the GAS phages
315.1 and 8232.1 were performed using the Artemis comparison tool (8). Dot
plots were performed using Dotter (31).
Nucleotide sequence accession number. The 3396 sequence was deposited in
the GenBank database under accession number EF207558.
RESULTS
General features of phage 3396 and its genome. Through
a process of long PCR and primer-walking methods, the com-
plete genome sequence of 3396 was determined. The ge-
nome is 38,528 bp with an average GC content of 37.48%.
Annotation of the 3396 genome was performed using the
bacterial annotation system BASys (39). A total of 64 open
reading frames (ORFs) were predicted (see Table S1 in the
supplemental material), with an average translated ORF of
188 amino acids (aa). GenBank database analysis revealed that
10 ORFs had little or no homology to entries within the pro-
tein database. Such ORFs were generally small, averaging 246
bp. A further 30 ORFs (47%) were homologous to hypothet-
ical phage proteins (average of 432 bp), with the remaining
ORFs corresponding to known phage-associated genes. The
overall genetic organization of 3396 is consistent with that
reported for all currently known phages of lactic acid bacteria
(7): left attachment site, lysogeny, DNA replication, transcrip-
tional regulation, DNA packaging, head-joining-tail-tail fiber,
lysis, and right attachment site (Fig. 1).
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Of the 54 3396 translated ORFs with greater than 35%
identity to proteins in the nonredundant GenBank database,
47 (87%) were homologous to GAS bacteriophages; 37
(79%) of these exhibited greater than 80% amino acid iden-
tity (see Table S1 in the supplemental material). Another 5
of the 54 translated ORFs were homologous to phage-like
genes from the group B streptococcus (GBS) SA1 (n  1),
SA2 (n  3), and GBS TIGR01671 (n  1); however, four
of these five ORFs had less than 60% amino acid identity.
The remaining two encoded proteins exhibit less than 50%
amino acid identity to phage genes from Flavobacterium sp.
and Enterococcus faecalis and may represent highly diver-
gent homologues.
Comparative genomics of3396 and GAS phages. From the
above analysis, it was apparent that 3396 exhibited significant
homology to characterized GAS phages, particularly the M3
GAS phage 315.1 (NC_004584) (4). Of the 47 GAS homo-
logues in 3396, 34 (72%) were homologous and syntenic to
315.1. An additional two ORFs were homologous to the M18
GAS phage 8232.1 (NC_003485.1) (30), which is also a mem-
ber of the 315.1 phage family (7). As in the 315.1 phage family,
the highly conserved gene paratox (1) was also present in
3396. Further analysis of the 37 homologues in the 315.1
phage family revealed that a total of 34 (92%) share greater
than 90% amino acid identity at the protein level. Given that
these homologues occur through the whole length of the
3396 genome (Fig. 1), this phage is most likely a member of
the 315.1-like GAS phage family.
While the degree of genetic conservation across the 3396
and 315.1 genomes is generally high, four regions of 3396
exhibited little or no similarity with this family (Fig. 2). The
first region encompassing 3396 ORF3 to ORF7 lies within
the lysogeny module and shows high levels of nucleotide di-
versity with 315.1 while exhibiting similarity to two GBS
SA2 genes (36) and the 315.1-like phage 8232.1 (30). The
second region (3396 ORF12 to ORF22) encompasses the
FIG. 1. Genetic organization and protein alignment of two phage sequences: S. dysgalactiae subsp. equisimilis phage 3396 and S. pyogenes
phage 315.1 (4). Conserved proteins exhibiting greater than 50% amino acid identity are represented by the shading. Genomes were annotated
using the bacterial annotation system BASys (39) with comparisons performed using the Artemis comparison tool (8). The 315.1 genome
sequence was obtained from the GenBank database (NC_004584) (4). The prophage modules, as identified by bioinformatics analyses, are
represented above the figure. Selected proteins and genes are defined and represented in alphabetical order as follows: ant, antirepressor; endo,
endonuclease; hel, helicase; hol, holing; hmp, head maturation protease; hya, hyaluronoglucosaminidase; int, integrase; irp, immunity repressor
protein; lys, hydrolase/lysin; mcp, major coat protein; met, DNA methylase; mtp, major tail protein; para, paratox; pep, endopeptidase; pip, phage
infection protein; por, portal protein; rec, recombinase; rep, repressor; ssp, single-strand binding protein; tail, tail protein; terL, large subunit
terminase.
FIG. 2. Dot plot comparisons of the DNA genome sequences of
the GGS bacteriophage 3396 (vertical axis) and the GAS prophages
315.1 (A) and 8232.1 (B). Regions of high DNA homology are
represented with regions of significant nucleotide differences indicated
by circles. Relative base locations are indicated on the axes. Dot plots
were performed using Dotter (31).
2648 DAVIES ET AL. J. BACTERIOL.
 o
n
 O
ctober 13, 2015 by University of Queensland Library
http://jb.asm.org/
D
ow
nloaded from
 
entire DNA replication module (Fig. 1). This region primarily
retains low homology to genes from various non-315.1-like
GAS phage families and GBS phage genes, suggesting poten-
tial modular recombination events. The DNA methylase gene
has low homology to Flavobacterium sp. and may represent a
unique methylase. There is also evidence of a gene duplication
involving ORF16 and ORF23 encoding the hypothetical gene
SpyM3_0700. The third region of low homology lies within the
3396 tail protein (ORF45). ClustalW alignment at the pro-
tein level between 3396 ORF45 and its 315.1 homologue,
SpyM3_0719, showed an overall 72% amino acid identity over
the 1,375-aa protein. While the first 639 aa of the phage tail
protein showed 92% protein identity, the remaining 736 aa
exhibited higher degrees of variation (56% identity) and may
constitute a level of evolutionary adaptation of 3396 for the
GGS cell wall. The fourth region of low homology encom-
passes the tail fiber, host lysis, and lysogenic conversion mod-
ules, indicating that 3396 may have evolved a unique set of
GGS-adapted proteins for attachment to the bacterial surface,
as well as lysogeny and lysis. However, heterogeneity within the
lysogenic conversion region is common within streptococcal
phages including the 315.1 phage family (7).
Distribution of 3396 phage modules in GAS and GGS
isolates. From our previous studies, we suggested that 3396
was detected frequently in GGS isolates from the NT, Austra-
lia, an area where GAS infections are endemic, as opposed to
isolates from an area where these infections are not endemic
(13). To further elaborate on these findings, PCR of three
3396 regions encompassing five phage modules (lysogeny
[region one]; DNA packaging, head-joining-tail, and tail mod-
ules [region two]; and lysogenic conversion [region three]) was
used to specifically screen for this phage among nonclonal
GGS (n  11) and GAS (n  20) isolates from an area (NT)
where GAS is endemic and contrasted its distribution among
nonclonal GGS (n  10) and GAS (n  12) isolates from an
area where GAS is nonendemic (see Table S2 in the supple-
mental material). By emm sequence type, geographical and
temporal differences of the isolates, phage markers (for all, see
Table S2 in the supplemental material), and other chromo-
somal markers as determined by virulence microarray (unpub-
lished data), we consider that our collection of strains repre-
sent predominantly nonclonal isolates. Of the 21 GGS isolates
screened, only NS3396 was positive for all the 3396 regions
tested. An additional 2 of the 11 (combined total of 27%) GGS
isolates from the NT were positive for two regions. By contrast,
no GGS strains from an area where GAS was nonendemic
possessed any 3396 regions. Seven of the 20 (35%) NT GAS
isolates were positive for a minimum of two phage regions, of
which four were positive for all three regions. Given that these
isolates represented seven different emm types, it is unlikely
that they represent a clonal lineage (see Table S2 in the sup-
plemental material). Furthermore, none of the GAS isolates
from an area where GAS is not endemic were positive for any
3396 regions. Together, these results clearly show that
3396-like phages were statistically (P  0.05) more fre-
quently present in streptococcal isolates from areas of GAS
endemicity than in areas of GAS nonendemicity. However,
given the small sample sizes, no statistical difference between
the frequencies of 3396 in GAS or GGS isolates could be
identified.
Inducibility of prophages related to 3396 from the GAS
strains identified to possess the prophage. Previously, we dem-
onstrated that 3396 was inducible from isolate NS3396 after
mitomycin treatment by using divergent primers at the ends of
the prophage (13). Circular replicative forms of induced phage
would bring the primers into the correct orientation to yield an
approximate 4-kb product. Similar tests were performed on the
four GAS strains (NS14, NS32, NS50.1, and NS80) that con-
tained all three 3396 phage regions (Fig. 3; see Table S2 in
the supplemental material). To account for heterogeneity
within the lysogenic conversion region, two primer combina-
tions were used. All four GAS strains yielded a smaller PCR
product after induction than NS3396 (Fig. 3).
Electron microscopy of mitomycin-induced and purified
3396 revealed an icosahedral capsid with a long noncontrac-
tile tail of approximately 180 nm (Fig. 4). In addition to the
genomic organization of 3396, these observations are consis-
FIG. 3. PCRs showing mitomycin-induced excision of the 315.1-
like prophage from the genome of GGS NS3396 and four NT GAS
isolates: NS14, NS32, NS50.1, and NS80. PCRs were performed
using two sets of divergent primer pairs at opposing ends of the
prophage sequence (3396_0734F and 3396_0682R [primers A];
3396_0734F2 and 3396_0682R [primers B]). Only when the
phage DNA was excised from host DNA and formed a circular
intermediate did the primers produce a product across the phage
attachment site. The differences in size between the NS3396-in-
duced product and the GAS isolates may represent recombination
events at the distal ends of the phage. M is the 1-kb DNA marker
(New England Biolabs).
FIG. 4. Electron microscopy of phage 3396 negatively stained
with uranyl acetate. Bar, 100 nm.
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tent with the Siphoviridae family of phages common to strep-
tococci.
Identification of the genes flanking prophage 3396. PCR
fragments corresponding to genes flanking the prophage were
amplified using an adaptor-specific primer and primers target-
ing the distal ends of the prophage. Bcl1-digested NS3396
DNA ligated to the adaptor gave a 2-kb PCR product with
3396_0682R3 and the adaptor-specific primer. BLAST anal-
ysis revealed that the left flanking gene in NS3396 was highly
homologous to the hypothetical protein SpyM3_0680 from the
M3 GAS 315 genome. Interestingly, this gene is known to lie
adjacent to the left attachment site of prophage 315.1. Simi-
larly, adaptor PCR using primer 3396_0734F specific to the
lysogenic conversion region and the adaptor-specific primer
produced a 5-kb PCR product which is highly homologous to
the GTP-binding protein LepA (SpyM3_0737) in GAS 315.
This gene also harbors the right attachment site of 315.1.
Collectively, these results show that both the 3396 and
315.1 lysogenize their respective hosts by integrating at sim-
ilar genomic localizations.
In order to examine the insertion sites of the 315.1-like
phage in GAS from the NT, where GAS is endemic, PCR was
conducted on the four NT GAS isolates that were found to
harbor all three 3396 phage regions (Table 1). All four iso-
lates tested gave a PCR product across the lysogeny module to
the hypothetical flanking gene SpyM3_0680. However, size
variation in the amplified product may indicate sequence vari-
ation between isolates (Table 1). Similarly, all four isolates
were PCR positive across the 315.1-like right attachment site
(SpyM3_0737). One isolate, NS80, gave a 5-kb product, similar
to NS3396, while three isolates gave a smaller 3-kb product.
Sequencing of the smaller 3-kb product from NS14 revealed a
2-kb difference between the SpyM3_0736 gene and the paratox
gene, similar to the sequence found in 315.1.
DISCUSSION
It is becoming increasingly evident that phages play an im-
portant role in the intraspecies genetic variation of many bac-
terial species (6). A prime example is GAS, whose genome is
often polylysogenic, with phages accounting for up to 75% of
the intraspecies genetic differences (2, 7, 17). However, the
extent of their role in the emergence of genetic variations
among other pathogenic members of the genus Streptococcus is
less well known. While in vitro interspecies transduction ex-
periments were documented in streptococci in the 1970s (11,
33), it is not known whether such transfers indeed occur in
nature.
Comparatively, the role of bacteriophages in the genetic
makeup of GGS and their effect on streptococcal population
structure are yet to be elucidated. In this study we have isolated
and sequenced the first full-length inducible phage (3396) from
S. dysgalactiae subsp. equisimilis. Genetically and morphologically,
3396 belongs to the Siphoviridae family of phages, of which all
GAS phages known to date are members (7). Comparative
genomic analysis revealed that 3396 exhibits an overall identity
of 73% to GAS phages, with the vast majority of proteins highly
homologous to phage 315.1 (4). Comparative genomics on 15
GAS phages has grouped them into six phage families (7).
Given the high degree of genetic relationship and synteny in
the molecular organization of 3396 and 315.1, 3396 is
most likely a member of the 315.1-like phage family. Nonethe-
less, while sharing overall synteny, 3396 differs significantly
from the 315.1 phage in the DNA replication module, host lysis
module, and lysogenic conversion regions, implicating modular
recombination as contributing to variations in phages within
the same family. The host lysis and tail genes provide the phage
with a level of host specificity, as they mediate the interaction
between the phage and the cell wall of the bacterial host.
Heterogeneity within these regions between315.1 and3396
may be a consequence of its specificity to GGS cell surface
components.
In addition to sharing overall genomic identity to the 315.1
phage family, the flanking genes of the prophage 3396 in the
NS3396 genome were the same as observed for 315.1 in the
MGAS315 genome (4). This high degree of conservation fur-
ther supports the suggestion of a distinct chromosomal inte-
gration site for the 315.1 phage family (7), which may be a
reflection of the high degree of amino acid sequence identity
TABLE 1. PCR screening of phage attachment sites within 3396-positive GAS isolatesa
Isolate
PCR result with the indicated primer pair
Genomic flanking
lysogenyc
3396 flanking
lysogeny (variation)d
Genomic flanking
lysogenic conversionc
3396 flanking
lysogenic conversion
(variation)d
SpyM3_0680F and
SpyM3_0680R
3396_0682R3 and
SpyM3_0680F
SpyM3_0737F and
SpyM3_0737R
3396_0734F and
SpyM3_0737R
NS3396b    
NS14     (2 kb smaller)
NS32   (300 bp larger)   (2 kb smaller)
NS50.1   (200 bp larger)   (2 kb smaller)
NS80   (500 bp larger)  
a GAS isolates positive for all three phage regions (see Table S2 in the supplemental material) were termed3396 positive., presence of a PCR product of expected
size unless otherwise stated; , no PCR product detected. Size variations were approximated from agarose gel analysis of PCR products and compared to the NS3396
control; PCR primers for the flanking genes SpyM3_0680 and SpyM3_0737 PCR were designed from the GAS genome sequence MGAS315 (NC_004070.1) (4).
b NS3396 is the GGS isolate from which 3396 was isolated.
c Genomic flanking: primer combinations targeting genes neighboring the phage/bacterial attachment sites at either the lysogeny or lysogenic conversion ends of
3396.
d 3396 flanking: primers targeting both phage and genomic genes across the phage/bacterial attachment sites.
2650 DAVIES ET AL. J. BACTERIOL.
 o
n
 O
ctober 13, 2015 by University of Queensland Library
http://jb.asm.org/
D
ow
nloaded from
 
(98%) between the integrase proteins of 3396 and the 315.1
phage family.
Using multilocus sequence typing, Kalia et al. suggested that
genetic movement for housekeeping genes may have occurred
predominantly from GAS to GGS (22). These streptococci
share a few genes encoding essential virulence factors (9, 20,
21, 29, 32, 37, 40) that exhibit mosaic structures consistent with
ongoing interspecies LGTs. Although largely unidirectional,
LGTs from GGS to GAS have also been documented (29).
Directionality of phage movement between species depends on
many factors including surface characteristics and restriction-
modification systems of the participating bacteria. Interest-
ingly, we found evidence of the 315.1 family of phages only
within GGS and GAS screened from the area of GAS ende-
micity (NT, Australia). In contrast, none of the GAS and GGS
strains from an area where they are not endemic were positive
for this phage family. Furthermore, all NT GAS isolates that
were PCR positive for the 3396-like phage share the same
left attachment sites as suggested for the 315.1 phage family,
while there was sequence variation within the lysogenic con-
version regions which are flanked by a common right attach-
ment site, suggesting the presence of 315.1-like phage variants
within this population. Many GAS phage families including the
315.1-phage family exhibit high sequence diversity within the
lysogenic conversion region which harbors virulence entities
such as the superantigenic exotoxins (2, 7). Confirmation of
mitomycin inducibility and prophage excision of 315.1-like
phage within the NT GAS isolates further indicates that
phages may be functionally viable within this population. Col-
lectively, these findings suggest that the 315.1-like phage family
appears to contribute to the population structure of circulating
GAS and GGS strains within the area of GAS endemicity of
the NT.
The observation that 315.1-like phages are more common in
GAS strains than in GGS strains recovered from the same
geographic locale may suggest that the progenitor 3396 may
have arisen first in GAS before lateral movement to GGS.
However, given the relatively small numbers of strains in-
volved, this cannot be determined with certainty. Nonetheless,
such lateral, ongoing acquisition of phages between a recog-
nized pathogen and a largely commensal bacterium may not
only have drastic effects on the overall population structure of
the genus but also result in rapid changes to the pathogenic
potential of GGS.
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